We report on a phenomenon in electron spin resonance experiments of phosphorus donors. We observe multiple echo signatures (echo trains) after a conventional Hahn echo pulse sequence if the spin system is strongly coupled to the resonator due to the coherent exchange of excitations between both subsystems. We can quantitatively explain the decay of the echo train by simulations based on a rate equation model. This model allows us to extract the spin coherence time T2 of the spin ensemble in a single-shot pulsed spin resonance experiment.
We report on a phenomenon in electron spin resonance experiments of phosphorus donors. We observe multiple echo signatures (echo trains) after a conventional Hahn echo pulse sequence if the spin system is strongly coupled to the resonator due to the coherent exchange of excitations between both subsystems. We can quantitatively explain the decay of the echo train by simulations based on a rate equation model. This model allows us to extract the spin coherence time T2 of the spin ensemble in a single-shot pulsed spin resonance experiment.
Pulsed electron spin resonance (ESR) is an essential spectroscopy technique used in many fields of science, e.g. for the study of the structure and dynamics of molecular systems [1, 2] , material science [3] as well as quantum sensing and information applications [4] [5] [6] . For this technique, a vast repertoire of sophisticated pulse sequences exists [7] , each of them optimized to investigate particular spin properties. Nevertheless, the majority of the sequences is based on a Hahn echo [8] . In the context of quantum information processing, ESR experiments with superconducting microwave resonators demonstrated the so-called strong coupling regime [9] [10] [11] [12] [13] [14] . Here, coherent exchange of information between the microwave resonator and the spin ensemble exceeds the individual decay rates of the two subsystems, which is a requirement for quantum memory and quantum signal conversion applications [9, [15] [16] [17] . In addition, the strong coupling regime is not limited to quantum applications, as an increase in the coupling rate enhances the sensitivity in ESR applications [18, 19] . The strong coupling regime also stands synonymously for the coupled dynamics of the spin system and the microwave resonator, which are typically not considered in classical ESR models [7, 20] . First seminal experiments in the presence of strong spinphoton coupling therefore revealed a plethora of new physical effects [13, [21] [22] [23] . However, a thorough investigation of Hahn echos in the context of a strongly coupled spin ensemble is missing.
Here, we study spin echos in a strongly coupled system consisting of a superconducting microwave resonator and a paramagnetic spin ensemble. We observe a sequence of spin echo signatures (echo train) occurring after a conventional Hahn echo pulse sequence when both subsystems are strongly coupled. To this end, we compare pulsed ESR measurements of a strongly coupled spin ensemble based on isolated phosphorus donors in a 28 Si host matrix with a weakly coupled ensemble of P 2 dimers also present in the sample. The decay of the echo train is quantitatively understood in terms of a rate equation model, taking the coherence and dephasing time of the spin ensemble as well as the microwave resonator into account.
The Hahn echo is the basic spin echo pulse sequence consisting of two pulses, separated by the echo spacing τ . The pulse sequence is schematically shown in Figure 1 (a) , together with the associated spin configurations on the Bloch sphere assuming a weak coupling regime. In a simple picture, the first π/2-pulse rotates the average spin direction (magnetization) from its equilibrium position along the z-axis (panel 1) into the equatorial xyplane (panel 2). During the free evolution period with length τ , the spin ensemble begins to dephase (panel 3).
The second π-pulse induces a rotation of 180
• (panel 4), which is effectively equivalent to a time-reversal operation. This refocusing of the spin ensemble leads to a spin echo at 2τ (panel 5) after the first initial pulse. Note that a spin echo occurs for almost any combination of two microwave pulses [7] .
In the strong coupling regime, the free evolution of the system is more involved. Here, the resonator has eventually two functions: (i) It provides an efficient readout in the sense that the spin echo or microwave field stimulated is efficiently directed to the detection setup.
(ii) The transfer of excitations from the spin system into the resonator can be viewed as the generation of a system intrinsic microwave pulse. This additional pulse acts on the spins which are prepared in the xy-plane during the second pulse, leading to an additional revival of the ESR signal after time τ after the first conventional spin echo. Analogously, the n-th echo is created by the (n − 1)-th echo acting as a refocusing pulse for the spin excitation of the (n − 2)-th echo. This mechanism is similar to a CarrPurcell-Meiboom-Gill (CPMG) sequence [24, 25] with the major difference that in our experiments the spin echo itself acts as an excitation pulse due to the strong coupling. In the weak coupling case, as in a conventional ESR experiment, the photons created during the spin echo would leak out of the resonator immediately. This results in an insignificant microwave field inside the resonator and no subsequent echos are created. Our experimental scheme is shown in Figure 1 
We employ a planar superconducting lumped element resonator (LER) as shown in Figure 1 (c), which is patterned into a 150 nm thick Nb film sputter deposited onto an intrinsic nat Si substrate using optical lithography and reactive ion etching. In addition, a microwave feedline in coplanar waveguide geometry is located next to the LER allowing to probe the microwave transmission of the entire structure. A 20 µm thin slab of [100] oriented 28 Si:P is mounted onto the LER as shown in Figure 1 (d) . The doping concentration is [P] = 1 × 10 17 cm −3 . The sample is mounted inside a dry dilution refrigerator and cooled to a temperature of T = 50 mK. A static magnetic field B 0 is provided by a superconducting solenoid and is applied parallel to the film surface to avoid degradation of the superconducting properties of the Nb film. Outgoing signals from the detection line are pre-amplified using a cryogenic low-noise HEMT amplifier as well as room temperature amplifiers. We perform continuous-wave ESR by measuring the microwave transmission |S 21 | 2 through the chip using a vector network analyzer. For pulsed ESR experiments, we digitize the echo signal using a heterodyne down-conversion scheme (for details see the supplementary information).
Continuous-wave ESR spectroscopy -steady state: We first perform continuous-wave (CW) ESR to precharacterize the sample. Figure 1 (e) shows the normalized microwave transmission |S 21 | 2 for an incident power on the sample of P S = −122 dBm plotted against frequency and applied magnetic field. At B 0 = 168.5 mT, we observe a bare resonator frequency of ω c /2π = 4.8116 GHz. We extract the resonator decay rate using a robust circle-fitting algorithm [26] and find a half-widthat-half-maximum (HWHM) of κ c /2π = 534.85 kHz, corresponding to a total quality factor of Q = ω c /2κ c = 4498. The coupling rate of the resonator to the feedline is κ ext /2π = 304.15 kHz. Similarly, we extract the spin relaxation rate using a Lorentzian fit along the field axis far detuned from the resonator and find γ s /2π = 365.11 kHz. We observe two distinct avoided crossings at B 0 = 170.1 mT and B 0 = 174.3 mT, which can be identified with the two hyperfine-split lines of phosphorus donors in silicon. The observation of the avoided crossings suggests that the spin ensemble of the isolated phosphorus donors couples strongly to the LER. To analyze this in more detail we take a cut along the frequency axis at the degeneracy point of the avoided crossing at B 0 = 170.19 mT to extract the effective coupling rate from the vacuum Rabi splitting and find g eff /2π = 1.54 MHz. This corresponds to a cooperativity
We obtain information about further spin species present in the sample by analyzing the evolution of the microwave resonator linewidth κ c as a function of the applied magnetic field outside the avoided crossings. For this, we extract κ c from the frequency-dependent transmission spectra for each magnetic field step (see Figure 1 (f) ). This allows us to identify (i) a broad structure at B 0 = 171.5 mT, which can be spectroscopically attributed to dangling bond defects at the (100)Si/SiO 2 interface, known as P b0 /P b1 defects [27, 28] , and (ii) a sharp signature at B 0 = 172.2 mT, corresponding to statistically formed exchange-coupled donor pairs called P 2 dimers with a concentration [P 2 ]
[P] [29] [30] [31] [32] . Analyzing the P 2 dimer peak in more detail [33] , we find for the spin relaxation rate γ s,P2 /2π = 1.74 MHz and for the effective coupling rate g eff,P2 /2π = 0.35 MHz. This puts the P 2 dimer spin ensemble in the weak coupling regime with C = 0.13, which is expected due to the √ N scaling of g eff and the much lower [P 2 ] [14, 34] . These two spin ensembles allow for a direct comparison of the dynamics of weak and strong coupling regime regarding their dynamics under the same experimental conditions (temperature).
Pulsed ESR -dynamics: We apply a Hahn-type echo sequence based on two Gaussian-shaped pulses with a width of 1 µs and 2 µs and an echo spacing of τ = 80 µs. The resulting echo gives rise to a microwave field inside the resonator, which couples with the external coupling rate κ ext to the detection line. Figure 2 (a) shows the Hahn echo-detected field sweep of the first echo in the time domain, where we have set the origin of the time axis to the maximum of the first echo. Note that all data shown here are single-shot measurements. From an analysis of the collective coupling rate [14] we estimate the absolute number of spins addressed in the spin echo to 10
8 . The length of complete pulse sequence is 163 µs, resulting in a spin sensitivity in the order of 10 6 spins/ √ Hz [18, 19] . in panel (a) . Again, we observe both hyperfine transitions as well as a peak corresponding to the P 2 dimers. Note that we do not observe a clear peak corresponding to the P b0 /P b1 dangling bond defects, but rather a broad background signal. This is attributed to the fact that the T 2 time of the dangling bond defects is small compared to the echo spacing (see supplementary information). Figure 2 (c) shows extended time traces for the three regions defined in panel (a). For all three subpanels, we observe the first conventional Hahn echo at t = 0. Moreover, we observe multiple echo signatures in subpanel 1 and 3, corresponding to the field range where we observe the avoided crossing between the hyperfine transitions of the phosphorus donors and the microwave resonator. The delay between consecutive echos is equal to the echo spacing between the first and second microwave pulse. In contrast, for the weakly coupled P 2 dimers, we only observe the first conventional echo. The absence of multiple echos for the P 2 dimers cannot be attributed to the coherence time T 2 , which we have determined to 4.67 ms (see supplementary information). This suggests that a mechanism related to strong coupling is responsible for the occurrence of multiple echos.
Multiple echo signatures were also reported in nuclear magnetic resonance (NMR) experiments of 3 He, 3 He/ 4 He mixtures as well as water [35] [36] [37] [38] . In these experiments the occurrence of multiple echos is attributed to nonlinear terms in the equation of motion governing the magnetization. In Fermi liquids, the non-linearity is introduced by the Leggett-Rice effect [37, 39] . This effect plays no role in our experiments. Another source for non-linear terms in the Bloch equations is the dipolar demagnetizing field [39] . The demagnetizing field is usually negligible in ESR and NMR experiments, as it is suppressed by radiation damping [40, 41] . However, in these experiments a strong field gradient parallel to the static magnetic field was applied, which crucially alters the effect of the demagnetizing field on the dynamics [41] . In our experiments, we do not apply such a gradient and also estimate that a possible field gradient due to a mechanical misalignment of the sample is negligible. Therefore, we exclude the mechanism described in the references above as the reason for the occurence of multiple echos.
In Figure 2 (d) we show time traces recorded at a fixed magnetic field (arrows in (c)), corresponding to the resonance field of the P 2 dimers B 0 = 172.0 mT as well as the resonance field of the low-field hyperfine transition B 0 = 170.18 mT. They show a qualitative difference for a spin ensemble in the weak and strong coupling regime. While we only observe the first conventional Hahn echo for the P 2 dimers, we observe 12 echos separated by τ for the strongly coupled hyperfine transitions. We note that the number of observed echos corresponds roughly to the cooperativity of the system (which is actually 
C = 12.2).
Performing the same experiment at higher temperatures results in a reduced g eff or C = 5.21 due to the smaller thermal spin polarization P (T ) [14] . Here, the trend is corroborated by the data showing only 6 echos (τ = 40 µs).
To further investigate the decay of the echo train, we perform the same Hahn echo pulse sequence with varying echo spacing τ at a fixed magnetic field of 170.18 mT. For each trace, we define an integration window around each spin echo (see supplementary information). Figure 3 (a) shows the integrated echo areas as a function of the arrival time t n = nτ , where n is the number of the echo (starting at zero). We determine the characteristic decay time T decay of the individual echo trains by fitting an exponential relaxation (solid lines) to the data presented in Figure 3 (a). With increasing echo spacing τ , the number of echos observed decreases, whereas T decay increases. Figure 3 (b) shows T decay as a function of the echo spacing τ . We observe a T decay = 96 µs for the shortest value of τ = 40 µs, which increases by almost one order of magnitude to T decay = 0.73 ms for τ = 960 µs.
In the following, we assume an efficient transfer of excitations between the microwave resonator and the spin ensemble, which is required for the observation of multiple echos. We therefore only consider the strong coupling regime with C 1. In order to understand the decay of the echo trains observed in the strong coupling regime, we take into account two mechanisms: (i) decoherence of the spin ensemble (T 2 processes) and (ii) microwave radiation losses due to the coupling of the resonator to the feedline characterized by the external coupling rate κ ext . Neglecting the radiative losses to the feedline, the echo amplitude A echo decreases only due to decoherence, thus we expect for the n-th echo A echo ∝ exp (−t n /T 2,eff ) .
(1)
Note that T 2,eff = T 2 /2 as t n is measured in units of τ , while T 2 is usually determined on the time base of 2τ . Next, we discuss the radiative loss of the photon field inside the resonator during the spin echo (neglecting effects of the coherence time), characterized by the resonator decay rate κ c . During the echo the spin system is in the bright state and a photon field builds up in the resonator, of which a certain part is coupled to the feedline and detected as an echo. In addition, the spin ensemble dephases with the dephasing rate γ s , representing the conversion rate from the bright state to the dark state (between echos). The total decay rate is then given by Γ = κ c + γ s . The ratio κ ext /Γ indicates the signal coupled out of the resonator. Thus, the n-th echo amplitude scales with
We rewrite (2) using t n = nτ . Combining equation (1) and (2) using Matthiessen's rule, we obtain an expression for the decay time of the echo train
We fit equation (3) to the data displayed in Figure 3 (b) with fixed, experimentally determined values for κ ext , κ c , and γ s and only vary T 2 . The extracted value of T 2 = 1.93 ms is in excellent agreement with the value determined by conventional Hahn echo spectroscopy of T 2,conv. = 2.37 ms (see supplementary information). The effect of multiple echos can be viewed as a self-generated analogue of the CPMG pulse sequence, which enables us to extract the decay time T decay of the echo train in a single-shot experiment. The decay time in combination with previously determined loss parameters for the resonator and the spin ensemble then allows to determine the coherence time T 2 according to equation (3) .
In conclusion, we have shown continuous-wave and pulsed ESR measurements on a strongly as well as a weakly coupled spin ensemble using superconducting lumped element resonators. We observed multiple echo signatures after applying a Hahn echo sequence to the spin ensemble in the strong coupling regime. An analysis of the decay time of the echo train allows us to extract the spin coherence time T 2 in a single-shot experiment, significantly reducing the measurement time. Our work allows to implement pulsed ESR sequences based on Hahn echos in the strong coupling regime. Here, the generation of echo trains has to be taken into consideration, e.g. when using spin ensembles for quantum memory protocols. However, further work is required for a complete description of the temporal dynamics of the echo traces. 
SUPPLEMENTARY INFORMATION Experimental Setup
Below, we describe in detail the experimental setup used to obtain the results presented in the main text. We begin by a description of the cryogenic and roomtemperature microwave circuitry. The next section describes the digital down-conversion of the signal after digitization. Finally, we describe how we determine the integration window for the echo area integration of the echo trains.
Microwave circuit
The microwave circuitry used in this work is presented in Figure S1 .
The main goal of the cryogenic microwave circuitry is to suppress room temperature noise photons from reaching the sample under investigation. To this end, the input lines are attenuated by 70 dB at the various temperature stages. On the output side, we use two cryogenic circulators on the mixing chamber stage as well as one at the still level. The outgoing signal is amplified by a cryogenic HEMT amplifier (Low Noise Factory LNC4 8A) at the 4K stage.
The microwave circuitry at room temperature to perform both continuous-wave (CW) as well as pulsed ESR measurement via two latching electromechanical RF switches (Keysight 8765B). The signal entering the cryostat is bandpass-filtered (MiniCircuits VBFZ-5500-S+) to the relevant frequency range to reduce the power load on the subsequent cryogenic stages. The output signal is bandpass-filtered as well before entering a fast PIN diode switch (Analog Devices HMC-C019). This switch blanks out the high-power microwave pulses from entering the sensitive down-conversion setup. The signal is then further amplified at room-temperature (B&Z Technology BZP110UC1).
To perform CW ESR measurements, we connect a vector network analyzer (Rhode & Schwarz ZVA8) to the input and output line and measure the transmission scattering parameter |S 21 | 2 .
Pulsed ESR measurements are performed using a inhouse built microwave bridge. We generate in-phase and quadrature signals of Gaussian-shaped pulses using a fast arbitrary waveform generator (Agilent M8190A, 12 GS/s) at an intermediate frequency of f IF = 42.5 MHz. The pulses are then up-converted to the resonance frequency using a vector network source (Rhode & Schwarz SGS100A) and further amplified (CTT AGX0218-3964) before reaching the input side of the cryostat. The pulse power at the cryostat input is +25 dBm, resulting in a maximum echo signal for a pulse times of 1 µs and 2 µs.
Detection of the resulting spin echos is performed by a heterodyne down-conversion setup. The signal is down-converted using an IQ mixer (Marki IQ-0307L). The down-converted signal with frequency f IF is then lowpass-filtered to reduce LO leakage. The signal is amplified with variable gain between +10 − −60 dB (FEMTO DHPVA-200) to utilize the full dynamic range of the analog-to-digital converter (Spectrum M4i.4451-x8). The digitizer card records both the in-phase and quadrature component at a sample rate of 500 MS/s.
To ensure a stable phase synchronization between the devices, all devices are synchronized using an ovenstabilized 10 MHz reference signal (Stanford Research Systems FS725). The LO signal (Agilent E8257D) is provided to both the vector network source as well as the IQ mixer using a power divider.
Signal demodulation
In this section we describe our algorithm to demodulate the signal at the intermediate frequency (here f IF = 42.5 MHz) to baseband (DC). We first calculate the complex signal Z = I(t) + iQ(t) from the recorded in-phase and quadrature signal. We multiply by a complex sinusoidal
where f IF is the intermediate frequency and φ is the demodulation phase. This shifts the frequency of the signal to the baseband. We choose φ in such a way that the signal in the real part of Z is maximized. After the frequency conversion, we apply a lowpass filter (digital Butterworth filter of 5th order) with a cutoff frequency of 10 MHz and re-sample the signal at a sample rate of 20 MS/s to reduce the file size of the measured signals.
Echo integration
In the following we describe our procedure to integrate the echo signal. They key here is to determine the length of the integration window, ∆t, given the following two challenges:
1. For short τ , we cannot use a very broad integration window, as the echo peaks are close to each other. Therefore, the integration window has to be chosen for each value of τ individually.
2. As we integrate the magnitude of the signal |S|, there is a finite DC offset V offset present in the signal. This offset adds a finite contribution V DC · ∆t to the integrated echo area, where ∆t is the length of the integration window.
Our algorithm works as follows: First, we determine all echo peaks using a peak-detection algorithm. In the next step, we integrate the signal using a numerical trapezoid integration, centered around the second detected echo peak with varying integration window ∆t. When plotting A echo as a function of ∆t, we can distinguish three regions (c.f. Figure S2 ): A steep increase for small (large) values of ∆t: These are caused by partial integration of the investigated (next) echo peak. In the intermediate regime, we observe a linear increase of A echo with ∆t. Here, the investigated echo peak is completely inside the integration window and the increase of the echo area is due to the integration of the DC offset. To determine the optimal integration window, we calculate the minimum of the first derivative dA echo /d∆t (dashed line in Figure S2 ). The DC offset is determined as the slope of a linear fit in the linear regime (solid line in Figure S2 ). For the final integration, we subtract the DC offset from the magnitude signal and integrate each detected echo peak using the previously determined integration window. 
Conventional T2 measurement
In a conventional ESR experiment, the coherence time T 2 is measured by Hahn echo spectroscopy. A series of Hahn echo pulse sequences consisting of two pulses are performed, where the echo spacing τ is varied. The resulting echo is digitized and integrated. The echo area A echo then decreases with the characteristic coherence time T 2 in a exponential fashion.
In Figure S3 , we show conventional T 2 measurements of the spin ensembles in our sample. Panel (a) shows the integrated echo area of the first conventional echo of the data presented in the main text. The exponential fit (solid line) results in T 2,conv. = (2.37 ± 0.08) ms. As this fit contains only a small number of points due to the limited τ resolution, we have performed an additional measurement for increased τ , where we have only digitized the first echo. The evaluation of the T 2 time for this measurement in panel (b) results in T 2,add. = (2.46 ± 0.05) ms, which is in agreement with the first measurement. In panel (c), we present the same measurement as in (b), with the magnetic field set to the resonance field of the P 2 dimer transition. Here, we extract a coherence time T 2,P2 = (4.67 ± 0.13) ms. Panel (d) shows the coherence time measurement of the P b0 /P b1 defects with T 2,P b0 /P b1 = (22.6 ± 1.6) µs.
